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A.  Description  of  Project 

The  objectives  of  this  research  are  to  develop  ultrasonic  sensors  and  actuators  using 
silicon  micro  machining,  and  to  develop  theoretical  models  of  the  behavior  of  these 
devices.  A  number  of  applications  are  envisaged  in  the  fields  of  in-situ  sensors,  ranging, 
hydrophones,  sensors  for  scanning  atomic  tips  in  imaging  and  lithography,  and  non 
destructive  evaluation. 

B .  Approaches  taken 

The  ability  to  control  dimensions  in  semiconductor  materials  using  micro  machining 
techniques  opens  the  way  for  a  large  number  of  ultrasonic  sensors  and  actuators  that  are  not 
amenable  by  conventional  technologies.  We  use  this  technology  to  make  capacitive 
ultrasonic  transducers  with  gaps  in  the  1  |im  range  and  resonant  frequencies  in  the  0.5 
MHz  to  25  MHz  range.  The  fractional  bandwidth  of  these  devices  ranges  from  2%  to  20  % 
depending  on  the  final  shape  of  the  resonant  membranes.  In  water  immersion  applications, 
the  fractional  bandwidth  ranges  over  several  orders  of  magnitude. 

Simple  thin  film  deposition,  thin  film  etching  (wet  and  dry),  and  standard 
photolithography  are  used  to  make  capacitive  transducers  with  thin  membranes  (<l|j.m), 
thin  gap  (around  1  p.m),  residual  stress  levels  around  300  MPa,  and  with  a  resonant 
frequency  in  the  0.5  MHz  to  25  MHz  range.  The  devices  behave  as  thin  membranes  whose 
behavior  is  dominated  by  the  residual  stress,  and  dimensions  of  the  membrane. 

Theoretical  models  have  been  developed  to  predict  both  the  dc  and  ac  behavior  of 
these  devices  while  operating  into  air  or  water.  Processes  have  been  developed  to  make 
devices  for  operation  in  air  and  water.  An  optical  interferometer  is  used  to  measure  the 


displacement  of  the  membrane  for  comparison  with  theory,  and  electronic  set  ups  are  made 
to  test  the  devices'  input  impedance  and  insertion  losses. 

C.  Accomplishments 

A  model  describing  the  behavior  of  the  membranes  under  DC  bias  has  been 
developed.  We  find  that  it  is  possible  to  apply  enough  DC  voltage  to  collapse  the 
membrane  into  the  back  electrode.  Hysterisis  is  a  feature  of  the  DC  operation  as  it  takes  a 
lower  voltage  to  maintain  the  membrane  in  contact  with  the  back  electrode.  We  find  that  the 
maximum  ac  displacement  of  a  membrane,  peak  to  peak,  is  about  30%  of  the  total  gap 
height.  For  instance,  in  a  1  |im  gap,  the  maximum  peak  to  peak  displacement  is  3000  A. 
However,  it  is  possible  to  operate  devices  in  and  out  of  collapse  and  generate  large 
ultrasonic  power  in  air.  Such  a  mode  of  operation  could  be  desirable,  for  instance,  for 
modifying,  by  streaming,  the  boundary  layer  over  the  wings  of  airplanes. 

An  AC  model  has  been  developed  to  predict  the  behavior  of  the  membranes  as 
transmitters  and  receivers.  As  a  transmitter,  it  is  possible  to  generate  more  power  in  air 
than  with  piezoelectric  which  get  into  saturation  and  nonlinear  behavior  at  the  level  of 
strains  corresponding  to  3000  A  level  of  displacement.  Our  model,  along  with  some 
sensitive  electronics  indicate  that  we  can  detect  0.001  A  displacement  with  a  bandwidth  of  2 
MHz  and  a  signal  to  noise  ratio  of  20  dB.  Optimizing  the  gap  height,  and  reducing  the 
bandwidth  will  allow  us  to  detect  displacements  as  small  as  10'^  A.  Thus,  even  as 
receivers,  it  is  possible  to  make  the  capacitive  micro  machined  air  transducers  more 
sensitive  than  their  piezoelectric  counterparts.  The  bandwidth  predicted  for  these  devices  is 
of  the  order  of  3%  when  each  circular  membrane  is  fully  supported  at  the  periphery. 
However,  experiments  with  membranes  that  are  supported  on  posts  show  fractional 
bandwidth  of  the  order  of  20%.  Our  plan  for  the  following  year  is  to  develop  the  models 
necessary  to  predict  the  resonant  behavior  of  membranes  that  are  supported  on  posts  of 
different  dimensions. 
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A  number  of  devices  were  made  and  operated  at  frequencies  of  up  to  11.5  MHz. 
This  is  the  first  report  of  such  high  frequency  transmission  of  ultrasound  in  air  over 
distances  of  the  order  of  a  few  millimeters.  We  encountered  some  problems  with  the  metal 
films  on  the  transducers,  but  we  expect  the  next  generation  of  devices  to  take  care  of  this 
problem,  and  make  a  large  number  of  applications  a  reality.  A  paper  is  being  prepared  for 
submission  to  Applied  Physics  Letters  on  the  subject. 

A  couple  of  new  applications  are  now  in  consideration  for  these  devices.  One, 
which  is  the  subject  of  a  patent  disclosure  under  preparation,  is  to  place  atomic  tips  on  the 
membranes  and  use  the  capacitive  transducers  as  sensors  of  force,  and  actuators  for  tip 
positioning.  This  is  probably  the  only  viable  method  for  making  2-Dimensional  arrays  of 
atomic  tips  for  imaging  and  lithography  applications.  The  next  application  we  plan  to 
investigate  in  the  next  reporting  period,  is  to  develop  water  immersion  version  of  the 
devices  for  use  as  hydrophones.  The  interest  in  this  area  is  for  Navy  applications  in 
underwater  detection  and  for  medical  ultrasound. 
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MICROMACfflNED  ULTRASONIC  TRANSDUCERS  (MUTs): 
11.4  MHz  TRANSMISSION  IN  AIR  AND  MORE 
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E.  L.  Ginzton  Laboratory,  Stanford  University,  Stanford,  CA  94305 

Dimitri  Spoliansky 
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ABSTRACT 

The  successful  fabrication  and  modeling  of  novel,  capacitive,  ultrasonic  air 
transducers  is  reported.  Transmission  experiments  in  air  at  1 1.4  MHz,  9.2  MHz,  and 
3. 1  MHz  are  shown  to  correspond  with  theory.  The  transducers  are  made  using  surface 
micromachining  techniques,  which  enable  the  realization  of  center  frequencies  ranging 
from  1.8  MHz  to  1 1.6  MHz.  The  bandwidth  of  the  transducers  ranges  from  5%  to  20%, 
depending  on  processing  parameters.  Custom  circuitry  is  able  to  detect  10  MHz 
capacitance  fluctuations  as  small  as  lO-l*  F,  which  correspond  to  displacements  on  the 
order  of  10-3  a  (with  potential  for  10-5  jn  a  bandwidth  of  2  MHz  with  a  signal  to 
noise  ratio  of  20  dB.  Such  detection  sensitivity  is  shown  to  yield  air  transducer  systems 
capable  of  withstanding  over  100  dB  of  signal  attenuation,  a  figure  of  merit  that  has 
significant  implications  for  ultrasonic  imaging,  nondestructive  evaluation,  gas  flow  and 
composition  measurements,  and  range  sensing. 


Micromachining  is  the  chosen  vehicle  for  device  fabrication  because  the  membrane's 
dimensions  (microns)  and  residual  stress  (hundreds  of  MPa's)  can  be  tailored  to  yield 
mechanical  resonance  frequencies  in  the  MHz  range.  Silicon  and  silicon  nitride  have 
excellent  mechanical  properties,  and  can  be  readily  patterned  using  the  wide  repertoire  of 
procedures  invented  by  the  semiconductor  industry. 

The  fabrication  sequence  is  remarkably  simple  (Figure  2).  A  highly  doped,  p-type 
<100>  4"  silicon  wafer  is  cleaned  and  a  l|im  oxide  layer  is  grown  with  a  wet  oxidation 
process.  A  50(X)  A  layer  of  LPCVD  nitride  is  then  deposited.  The  residual  stress  of  the 
nitride  can  be  varied  by  changing  the  proportion  of  silane  to  ammonia  during  the 
deposition  process.  After  the  backside  of  the  wafer  is  stripped,  a  chrome  adhesion  layer 
and  a  500  A  film  of  gold  are  evaporated  onto  both  sides  of  the  wafer.  A  pattern  of 
etchant  holes  is  then  transferred  to  the  wafer  lithographically,  followed  by  a  gold  and 
nitride  etch.  Thus,  access  holes  are  generated  through  which  HF  can  subsequently  attack 
the  sacrificial  oxide  layer.  The  etch  time  determines  the  dimensions  of  the  membrane. 
One  transducer  consists  of  a  matrix  of  individual  elements  with  a  spacing  of  25,  50  or 
100  |xm. 

The  theoretical  model  accounts  for  both  the  static  and  dynamic  behavior  of  the 
device.  The  static  analysis  allows  an  understanding  of  the  operating  point  about  which 
the  dynamic  analysis  applies.  Because  the  electrostatic  attraction  force  varies  as  the 
square  of  the  electrode  separation,  while  the  restoring  force  varies  approximately  linearly, 
certain  voltages  and  separations  lead  to  membrane  collapse.  Furthermore,  the  behavior  is 
hysteretic;  after  collapse,  the  membrane  requires  a  fairly  low  voltage  condition  to  snap 
back.  The  static  analysis  begins  with  the  general  plate  equation^; 

(To  +  - OT.V^jc  -  P^{r)  =  0  (1) 

12(1 -u-) 

where  Yq  is  Young's  modulus,  A  is  area,  cr  is  residual  stress,  is  the  membrane 
thickness,  v  is  Poisson's  ratio,  x  is  membrane  displacement,  and  P^ir)  is  the 


2  _  ^uniform  _  -imptJcaJnikd)  ^ 

^a^erose  [l  J ^{ka)  -  kaj ^{ko)] 

Equation  (7)  can  be  used  to  derive  a  two-port  model^.  Computer  simulations 
using  the  two-port  model  match  the  experimental  results  of  transmission,  in  air,  at 
1 1.4  MHz,  9.2  MHz,  and  3.1  MHz  (Figure  5). 

The  transmission  experiments  necessitated  the  development  of  transducer 
packaging,  a  custom  6  degrees  of  freedom  tilt  stage,  and  custom  detection  circuitry.  The 
custom  detection  circuitry  consists  of  a  transconductance  amplifier  system  used  to  detect 
the  currents  generated  by  the  transducer.  A  first  order  analysis  yields: 


I  =  d 


(CV) 

dt 


which,  in  phasor  form  with  constant  voltage,  becomes: 


I  =  0)VC 

For  our  circuit,  the  noise  floor  is  IpAI-jHz  as  per  a  circuit  simulator,  thus,  for  a  10 
MHz  transducer  with  a  hypothetical  2  MHz  bandwidth  operating  at  a  60  V  bias,  the  noise 
floor  corresponds  to  a  capacitance  of  7.5x10'*^  F.  Thus,  a  1(X)  pF  transducer  with  a  l|im 
gap  can  detect  displacements  on  the  order  of  lO'^  A  with  a  20  dB  signal  to  noise  ratio.  If 
the  gap  is  made  thinner,  the  displacement  sensitivity  goes  up  proportionally,  to  possibly 
10-5  A  or  better.  Furthermore,  affording  a  100  dB  signal  loss  would  require  emitter 
displacement  on  the  order  of  100  A.  Computer  simulations  using  the  two-port  model 
derived  from  the  theory  above  indicate  that  such  displacements  would  require  a  6  V  AC 
signal  riding  on  60  V  DC.  It  is  thus  clear  that  these  transducers  are  capable  of  high  power 
excitation  and  high  sensitivity  detection,  enabling  many  applications  requiring  a  large 
dynamic  range. 
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